Introduction
Cells undergo continuous stress, both mechanical and chemical, which can lead to ruptures in the cell membrane and damage to the underlying cortex (McNeil and Steinhardt, 1997; Sonnemann and Bement, 2011; Cooper and McNeil, 2015) . Cells with noncatastrophic damage can undergo single cell repair and remain functional. As such, cells in a variety of organisms and tissues have been shown to have a robust cellular wound repair response that is composed of rapid membrane resealing and dynamic cytoskeletal repair at the cell cortex, presumably in response to an influx of calcium (Bement et al., 1999; McNeil and Kirchhausen, 2005; Abreu-Blanco et al., 2011a) . However, the extent to which these distinct aspects of single cell wound repair are molecularly and physically coupled remains unclear.
Early single cell wound repair studies proposed a mechanism for membrane resealing termed the membrane patch hypothesis (McNeil et al., 2000) . This hypothesis involves the rapid recruitment of intracellular vesicles upon wounding, followed by their fusion to each other and the surrounding membrane to form a temporary plug, and has been confirmed by live imaging studies in Xenopus laevis (Terasaki et al., 1997; Cooper and McNeil, 2015; Davenport et al., 2016) .
Equally important to membrane repair is cytoskeletal repair at the cell cortex. This process is mediated by actin and myosin II accumulating at the wound edge to form an actomyosin ring that then translocates inward, resulting in wound closure ( Fig. 1 A; Bement et al., 1999; Mandato and Bement, 2003; Abreu-Blanco et al., 2011a,b; Sonnemann and Bement, 2011) .
One group of proteins that is indispensable for this cytoskeletal response during cell wound repair is the Rho family of GTPases. Rho GTPases cycle between GTP-and GDP-bound forms, which is mediated by Rho guanine nucleotide exchange factors (RhoGEFs), Rho GTPase activating proteins (RhoGAPs), and Rho guanine nucleotide dissociation inhibitors (RhoGDIs; Fritz and Pertz, 2016; Hodge and Ridley, 2016) . GTP-bound Rho family GTPases regulate actin and myosin dynamics through interacting effector proteins (Jaffe and Hall, 2005) . During many processes, spatiotemporal patterning of Rho family GTPases is an important aspect of actin and myosin regulation. Studies in Xenopus and Drosophila melanogaster have shown that the Rho GTPase family proteins Rho, Rac, and Cdc42 are localized in specific patterns (arrays) with significant temporal and spatial overlap surrounding the wound (Fig. 1 , A-D″; and Video 1; Benink and Bement, 2005; Vaughan et al., 2011; Burkel et al., 2012; Abreu-Blanco et al., 2014; Verboon and Parkhurst, 2015) . Relatively little is known to date about how these arrays are formed and if/how their formation is linked to the initial calcium signal and membrane patch.
Results and discussion
RhoGEFs, RhoGAPs, and RhoGDIs are strong candidates to be the molecules needed to set up and/or maintain the distinct Rho family GTPase patterns/arrays formed in response to cell Like tissues, single cells are subjected to continual stresses and damage. As such, cells have a robust wound repair mechanism comprised of dynamic membrane resealing and cortical cytoskeletal remodeling. One group of proteins, the Rho family of small guanosine triphosphatases (GTPases), is critical for this actin and myosin cytoskeletal response in which they form distinct dynamic spatial and temporal patterns/arrays surrounding the wound. A key mechanistic question, then, is how these GTPase arrays are formed. Here, we show that in the Drosophila melanogaster cell wound repair model Rho GTPase arrays form in response to prepatterning by Rho guanine nucleotide exchange factors (RhoGEFs), a family of proteins involved in the activation of small GTPases. Furthermore, we show that Annexin B9, a member of a class of proteins associated with the membrane resealing, is involved in an early, Rho family-independent, actin stabilization that is integral to the formation of one RhoGEF array. Thus, Annexin proteins may link membrane resealing to cytoskeletal remodeling processes in single cell wound repair. Figure 1 . RhoGEF2, Pbl, RhoGEF3, and Tum exhibit discrete localization patterns and are required for cell wound repair. (A) Schematic diagram summarizing the localization patterns of actin, Rho1, Rac1, and Cdc42 at cell wounds. (B-H) Confocal xy projection images from Drosophila NC4-6 staged embryos coexpressing an actin marker (sGMCA or sChMCA) and fluorescently tagged Rho family GTPases: ChFP-Rho1 (B-B″), ChFP-Cdc42 (C-C″), and GFP-Rac1 (D-D″). The actin ring and halo regions are indicated in (B′). (E-H) Confocal xy projection images from Drosophila NC4-6 staged embryos coexpressing sChMCA and GFP-tagged RhoGEFs or Tum: sfGFP-Tum (E-E″), sfGFP-RhoGEF2 (F-F″), Pbl-eGFP (G-G″), and sfGFP-RhoGEF3 (H-H″). (I-K) Confocal xy projection images from Drosophila NC4-6 staged embryos coexpressing two fluorescently tagged RhoGEFs: Pbl-eGFP and RFP-RhoGEF2 (I-I''), sfGFP-RhoGEF3 and RFP-RhoGEF2 (J-J''), and Pbl-eGFP and sfGFP-RhoGEF3 (K-K''). (L-P) Actin dynamics (sChMCA or sGMCA) during cell wound repair in control (GAL4 driver 7063 alone) (L), RhoGEF2 RNAi(1) (M), pbl RNAi(1) (N), RhoGEF3 RNAi(1) (O), and Tum-i+antibodies (Abs) (P). (L'-P') xy Kymograph across wounds. Hence, we wounded embryos containing one of the nine available GFP-tagged RhoGAP, 12 available GFP-tagged  RhoGEF, or one GFP-tagged RhoGDI proteins combined with  a fluorescent actin reporter (sChMCA [spaghetti squash driven,  mCherry fluorescent protein {ChFP}, moesin-α-helical-coiled,  and actin binding site]; see Materials and methods and Table  S1 ; Kiehart et al., 2000; Wenzl et al., 2010; Abreu-Blanco et al., 2011a , 2014 . Wounds were generated by laser ablation on the lateral side of nuclear cycle (NC) 4-6 Drosophila embryos (see Materials and methods). In control embryos, actin accumulates in two adjacent regions: (1) a highly enriched actin ring bordering the wound edge, and (2) an elevated actin halo encircling the actin ring (Fig. 1, A and B′) . Of those examined, only one RhoGAP, tumbleweed (Tum), and three RhoGEFs, RhoGEF2, pebble (Pbl), and RhoGEF3, display a change in localization pattern and are recruited to areas surrounding the wound (Fig. 1 , E-K″; Fig. S1; Fig. S2 , A-A″ and H-K″; and Video 1). Tum, a RhoGAP, accumulates broadly at the wound, overlapping with the actin halo and ring, with an area of lower accumulation between the two (Fig. 1 , E-E″; Fig. S2 , A-A″ and L; and Video 1). RhoGEF2 localization is spatially restricted: it forms a ring-like array inside of and partially overlapping with the actin ring ( Fig. 1 , F-F″; Fig. S2 , H-H″ and M; and Video 1). Pbl accumulates in a diffuse ring-like array overlapping with the actin halo region. Pbl overexpression (one or two copies of Pbl-enhanced GFP [eGFP]) slightly affects actin halo formation; however, the actin ring forms normally and the wounds close with normal kinetics (Fig. 1 , G-G″; Fig. S2 , I-J and N; and Video 1). RhoGEF3 accumulates in a broad but diffuse array in the actin halo region that partially overlaps with the actin ring ( Fig. 1 To investigate the function of Tum, RhoGEF2, Pbl, and RhoGEF3 in cell wound repair, we examined actin dynamics via a fluorescent actin reporter upon wounding in each RhoGEF and RhoGAP mutant background. Knockdown was achieved by expressing two independent RNAi constructs for each RhoGEF in the female germline using the GAL4-UAS system (see "Materials and methods"; Table S1 ). Knocking down any of the three RhoGEFs results in delayed actin accumulation around the wound edge, wound overexpansion, and delayed repair ( Fig. 1 , M-O and Q-S; Fig. S2 , S-X; and Video 2) compared with control (GAL4 driver only) wounds ( Fig. 1 , L-L′ and Q-S; Fig. S2 , W and X; and Video 2). In addition, from 2 min after wounding, actin accumulates within the wound in pbl RNAi(1) and RhoGEF3 RNAi(1) embryos (Fig. 1 , N′ and O′). To knockdown Tum, we tested the one RNAi line available, and to confirm the phenotype, we injected monoclonal Tum antibodies into both control and tum RNAi embryos. Tum knockdown results in only minor effects on the repair process: wound overexpansion and slightly delayed wound closure that is compensated for by slightly increased rates of expansion and closure ( Fig. 1 , P-P′ and T; Fig. S2 , V-Y; and Video 2). Consistent with this, Rho1, Rac1, and Cdc42 are recruited to wounds in Tum antibody-injected embryos with only slightly changed patterns reflecting disruptions to actin (Fig. S2 , B-G). Thus, RhoGEFs have a much stronger effect on cellular wound repair than Tum, and each RhoGEF displays a specific wound recruitment pattern reminiscent of the arrays formed by each of the Rho GTPases, supporting a model wherein RhoGEFs are involved in patterning the Rho GTPases, whereas the RhoGAPs work to refine rather than establish GTPase array patterns. We next determined if the different RhoGEFs were acting upstream of a specific Rho family GTPase. We coexpressed each fluorescently tagged RhoGEF protein with each fluorescently tagged Rho GTPase (Fig. 2 , A-R; and Video 3). The RhoGEF2 array formed at the wound overlaps with Rho1 completely and is mainly internal to, but slightly overlapping with, that of Rac1 and Cdc42 (Fig. 2 , A-C″ and J-L; and Video 3). Pbl accumulation overlaps with that of Rac1 and Cdc42 in the halo region, but does not overlap with Rho1 (Fig. 2 , D-F″and M-O; and Video 3). RhoGEF3 accumulation at wounds overlaps with Rac1 and Cdc42 in the halo and partially overlaps where they form a ring (Fig. 2 , H-I″, Q, and R; and Video 3). RhoGEF3 overlap with Rho1 is minimal (Fig. 2 , G-G″ and P; and Video 3). To further characterize their specificity, we examined the molecular interactions among the RhoGEFs and Rho family GTPases using GST pulldown assays. We find that RhoGEF2 and Pbl interact physically with GTP-bound Rho1 and, to a lesser extent, Cdc42-GTP, whereas RhoGEF3 interacts with Rac1-GTP ( Fig. 2 S) . Although these molecular interactions independently do not show one-to-one correspondence of RhoGEFs with Rho GTPases, they are consistent with RhoGEF2 regulating Rho1, whereas Pbl and RhoGEF3 regulate Cdc42 and/or Rac1.
We next examined changes to each GTPase array upon wounding in the different RhoGEF mutant backgrounds. RhoGEF2, Pbl, and RhoGEF3 knockdown all led to varying degrees of actin disruption and wound repair defects, so we focused our analysis on the early events (array formation), comparing localization of the GTPase arrays in relation to the disrupted actin structures, and assessing wounds that were at a similar stage in the repair process instead of exactly matched time points ( Fig. 3 and Video 4). In RhoGEF2 RNAi(1) mutant embryos, Rho1 no longer accumulates in response to cell wounds ( Fig. 3 , B-B″and F; and Video 4), whereas Rac1 and Cdc42 still accumulate ( Fig. 3 , J-J″, N, R-R″, and V; and Video 4). Rac1 and Cdc42 predictably form arrays coincident with where the altered actin ring/halo is formed in these RhoGEF2 RNAi(1) embryos. Consequently, we anticipated that Rac1 and Cdc42 array formation would be mislocalized or abrogated in relation to actin structures in pbl RNAi(1) and RhoGEF3 RNAi(1) knockdown embryos. As expected, both Rac1 and Cdc42 showed mislothe wound area depicted in (L-P), respectively (yellow dashed lines, wound edges; yellow arrowheads, actin ring; red arrowheads, actin accumulation inside wounds). (Q-T) Quantification of the wound area over time for control, RhoGEF2 RNAi(1) , and RhoGEF2 RNAi(2) (n = 10 for each; Q); control, pbl RNAi(1) , and pbl RNAi(2) (n = 10 for each; R); control, RhoGEF3 RNAi(1) , and RhoGEF3 RNAi(2) (n = 10 for each; S); and GAL4 control, 9E10 control, tum RNAi , Tum Abs, and tum RNAi +Abs (n = 10 for controls and n = 15 for tum RNAi and Tum Abs; T). Time after wounding is indicated. Bars, 20 µm. Error bars represent ± SEM.
calized recruitment in these knockdown embryos: they exhibit complete, rather than partial, overlap with the Rho1 array at the wound interior, as well as accumulating at the wound edge and halo ( Fig. 3 , K-L″, O, P, S-T″, W, and X; and Video 4). In pbl RNAi(1) and RhoGEF3 RNAi(1) knockdown embryos, Rho1
accumulates with the actin that is now found internal to the actin ring ( Fig. 3 , C-D″, G, and H; and Video 4). Thus, GEFs are clearly needed for the GTPase arrays to localize properly, suggesting that RhoGEFs are prepatterning the Rho GTPases. Taking together our colocalization results and their molecular (pulldown) specificities, we favor a model wherein RhoGEF3 and Pbl preferentially prepattern Rac1 and Cdc42, respectively. In contrast, RhoGEF2 not only specifically prepatterns Rho1 but also is indispensable for Rho1 accumulation at wounds. It is unclear why RhoGEF2-Rho1 shows more specificity than the other RhoGEF-Rho GTPase relationships, but it may be influenced by their acting in a more dynamic region of the wound that is largely interior to the cortical cytoskeleton.
To determine how RhoGEF arrays are themselves patterned, we examined the establishment of RhoGEF2 arrays in different RNAi-and drug-inhibited backgrounds. We focused on RhoGEF2 because of its specific spatial localization upon wounding and limited our analysis to the initial time points after wounding because, as repair progresses, GEF localization becomes increasingly influenced by cross talk among the RhoGEFs (Fig. S2 , Z-FF″ and II-KK″; and Video 5). We first examined the accumulation of RhoGEF2 at wounds in which Rho1 or its downstream effectors were disrupted. Injection of embryos with C3 exoenzyme (Rho1 inhibitor) or Y-27632 (Rok inhibitor) had no effect on RhoGEF2 initial array formation, demonstrating that RhoGEF2 prepatterning is independent of feedback from Rho1 or its downstream effectors (Fig. 4 , A-C″; and Video 5).
One molecule that did affect RhoGEF array formation throughout these studies was actin. RhoGEFs predictably followed altered actin structures, indicating that F-actin helps determine the formation and/or location of RhoGEF arrays. To test if disruption of F-actin affected RhoGEF2 localization at the wound, we disrupted normal actin function using latrunculin B (LatB) and phalloidin, which depolymerize or stabilize F-actin, respectively (Fig. 4 , D-E″; and Video 5). Injection of LatB into embryos expressing super folder GFP (sfGFP)-RhoGEF2 and sChMCA results in depolymerization of the cortical actin cytoskeleton and the complete inability of the RhoGEF2 array to form at the wound (Fig. 4 , D-D″; and Video 5). Injection of phalloidin into this background had no appreciable effect on wound repair dynamics other than actin accumulation remaining at the wound site after the wound was fully closed (Fig. 4 , E-E″; and Video 5). Thus, stabilized F-actin allows for the accumulation of RhoGEF2 at the wound, is Rho family GTPasesindependent, and is necessary for normal wound repair.
The striking necessity for stable F-actin for the initial RhoGEF2 array formation at wounds led us to examine cytoskeleton regulatory proteins that are involved early in wound repair. Annexins (Anxs), in particular, are of great interest because these proteins are fast-responding, are calcium-regulated, can form 2D lattices in vivo, and have been shown to accumulate at cell wounds (Blackwood and Ernst, 1990; Gerke et al., 2005; Bouter et al., 2015; Lauritzen et al., 2015) . Anx proteins can also stabilize the cortical cytoskeleton, are involved in cell cortex remodeling during cytokinesis, and, interestingly, are membrane-binding proteins (Benaud et al., 2015; Gabel et al., 2015) .
To test if Anx could mediate cytoskeletal changes required for RhoGEF2 array formation, we examined recruitment of GFP-AnxB9 upon wounding. AnxB9 accumulates incredibly rapidly (<3 s) at the inside of the wound, overlapping slightly with the innermost edge of the actin ring (Fig. 4, F and G; Fig.  S1 , M, N, and YY; and Video 6). Importantly, AnxB9 accumulates at the wound before RhoGEF2, then settles into an accumulation that overlaps with RhoGEF2 (∼45-60 s; Fig. 4 , H and I). To determine if AnxB9 accumulation was upstream or downstream of early actin stabilization, we injected embryos expressing GFP-AnxB9 embryo with LatB and found that AnxB9 is still recruited to the wound in a similar spatiotemporal manner as in control embryos ( Fig. 4 J and Video 6) . These results indicate that AnxB9 could be the factor regulating the early actin stabilization necessary for RhoGEF2 array formation, because it accumulates at the wound with the right timing and localization and it occurs independently of actin stabilization.
Finally, to confirm that AnxB9 contributes to actin dynamics during cell wound repair, we wounded AnxB9 RNAi knockdown mutants. AnxB9 RNAi mutant embryos exhibit delayed actin accumulation around the wound edge, enhanced wound expansion, and delayed repair similar to RhoGEF2 RNAi mutants (Fig. 5 , A-D; Fig. S2 MM; and Video 6). In addition, diffuse actin aberrantly accumulates within the wound (Fig. 5 , B′-C′); however, the pattern is different from that observed in pbl RNAi(1) and RhoGEF3 RNAi(1) embryos. To establish if RhoGEF2 was acting downstream of AnxB9, we examined RhoGEF2 localization patterns in the AnxB9 RNAi background. RhoGEF2 does not localize at the wound in AnxB9 RNAi mutant embryos (Fig. 5 , E-E″; and Video 6). Interestingly, Pbl and RhoGEF3 still form arrays in this background, indicating specificity between AnxB9 and RhoGEF2 (Fig. S2 , HH-HH″ and LL-LL″). Based on our results with LatB, we expected that AnxB9 is involved in a very early actin stabilization event that allows RhoGEF2 array formation. Thus, we stabilized actin by injecting phalloidin into Anx-B9 RNAi mutant embryos. Strikingly, actin stabilization allows for partial rescue of RhoGEF2 recruitment to wounds: RhoGEF2 accumulates at the wound, albeit in an altered pattern, and the actin ring is less diffuse than in the AnxB9 RNAi background alone (Fig. 5 , F-G″; and Video 6). Interestingly, the diffuse actin observed to accumulate at wound interiors in AnxB9 RNAi mutants may be the destabilized actin that AnxB9 normally stabilizes.
Spatiotemporal regulation of Rho GTPases is a critical aspect of their signaling activities. During Drosophila cell wound repair, we find that RhoGEF proteins prepattern the Rho family GTPases arrays necessary for cortical remodeling, whereas the Tum RhoGAP is involved in refining/sharpening these arrays (Fig. 5 H) . Interestingly, we find that Rho1 array formation at cellular wounds consists of an AnxB9 → actin stabilization → RhoGEF2 → Rho1 pathway (Fig. 5 I) . This pathway highlights an exciting requirement for actin stabilization early in the wound repair process, before Rho family GTPases arrive at the wound, and suggests that Anxs might be involved directly or indirectly in actin ring formation. Stabilizing actin may be important for RhoGEF recruitment and array formation by reinforcing the membrane plug attachment sites and/ or forming a stable scaffold on which to assemble GEF arrays (Martin, 2010; Kapus and Janmey, 2013; Gefen and Weihs, 2016) . Because Anx, RhoGEF, and Rho GTPase mutants delay but do not prevent wound closure, these proteins are required for increasing the speed of wound closure, whereas as yet unknown actin-and Rho-independent pathways may be required for closing the wounds. Future challenges include identifying the proteins needed for Pbl and RhoGEF3 array formation, as well as uncovering additional proteins involved in either membrane patching or cytoskeletal remodeling, which also impact this reciprocal process.
Materials and methods

Fly stocks and genetics
Flies are cultured and crossed at 25°C on yeast-cornmeal-molasses-malt medium. Drosophila has 26 RhoGEFs, 22 RhoGAPs, and 1 RhoGDI proteins. The flies used in this study are detailed in Table S1 (Kiehart et al., 2000; Buszczak et al., 2007; Wenzl et al., 2010; Abreu-Blanco et al., 2011a , 2014 Nagarkar-Jaiswal et al., 2015; Sarov et al., 2016) . To drive expression in UAS flies, we used the P{w[+mC]=GAL4-nos. NGT}A driver. To knockdown genes, RNAi lines were driven maternally using the GAL4-UAS system by P{matalpha4-GAL-VP16}V37 (or P{matalpha4-GAL-VP16}V2H for driving RhoGEF2 RNAi(1) and RhoGEF3 RNAi(1) in the Pbl-eGFP background; Brand and Perrimon, 1993; Ni et al., 2011) . All RNAi experiments were performed at least two times from individual genetic crosses.
Actin reporters
An actin reporter (sGMCA [spaghetti squash driven, GFP, moesin-α-helical-coiled and actin binding site]) was used to follow cortical cytoskeleton dynamics during wound repair (Kiehart et al., 2000) . Equivalent actin reporters expressing mCherry (sChMCA; Abreu-Blanco et al., 2011a) or mKate2 (sK2MCA [spaghetti squash driven, mKate2 fluorescent protein, moesin-α-helical-coiled and actin binding site]) were also used. We generated sK2MCA by replacing the ChFP in sChMCA with mKate2 using standard molecular techniques.
Embryo handling and preparation
NC4-6 Drosophila embryos were collected from 0-30 min at room temperature (22°C). Embryos were hand dechorionated, dried for 5 min and placed onto No. 1.5 coverslips coated with strips of glue, then covered with Series 700 halocarbon oil (Halocarbon Products Corp.; Abreu-Blanco et al., 2011a) .
GFP fusion protein screen for RhoGEFs, RhoGAPs, RhoGDI, and AnxB9 response to wounds
We examined ≥10 individual embryos from each RhoGEF, RhoGAP, RhoGDI, and AnxB9 listed in Table S1 to determine if their localization pattern changed upon wounding using time-lapse microscopy. Wound presence and size were confirmed using an actin reporter (sChMCA or sK2MCA). To quantify the wound response, we subtracted the GFP fluorescent intensity of the prewounding time point from the 180-s post-wounding image using Fiji software (Schindelin et al., 2012) . We then measured the averaged GFP fluorescent intensity from 10 pixel sections across the wound in the subtracted image using Fiji (Fig. S1  A′″) . Line profiles were plotted and the area under the curve was measured using Prism 7.0a (GraphPad Software Inc.). We set the threshold for nonresponse at 500 fluorescence units, which is not significantly different from our negative control (UAS-GFP expressed with maternal Gal4 driver; 159 fluorescence units), but significantly different from our positive control (the actin reporter sGMCA; 4780 fluorescence units).
Generation of transgenic flies
To generate spaghetti squash (sqh)-sfGFP-RhoGEF2, we modified the strategy previously described (Wenzl et al., 2010) . UASp-RFP-RhoGEF2 was provided by J. Großhans, University of Göttingen, Göttingen, Germany (Wenzl et al., 2010) . sfGFP was amplified and cloned into pBluescript as a 5′SwaI-3′HindIII. RhoGEF2 ORF was amplified from BDGP clone SD04476 and cut by SmaI (internal site), and two fragments were recovered by gel extraction. The N-terminal part of RhoGEF2 was cloned into pBluescript-sfGFP as a 5′HindIII-3′SmaI. Subsequently, the C-terminal part of RhoGEF2 was cloned into pBluescript-sfGFP-N-RhoGEF2 as a 5′SmaI-3′XbaI. sfGFP-RhoGEF2 was cut by SwaI and XbaI from pBluescript-sfGFP-RhoGEF2 and cloned into pSqh5′+3′UTR (Abreu-Blanco et al., 2011a) as a 5′StuI-3′XbaI fragment.
To generate sqh-Pbl-eGFP, Pbl-eGFP was amplified from UAS-Pbl-eGFP (provided by R. Saint, University of Melbourne, Victoria, Australia; Somers and Saint, 2003) fly genomic DNA and cloned into pSqh5′+3′UTR as a 5′StuI-3′XbaI fragment.
To generate UASp-sfGFP-RhoGEF3 and UASp-ChFP-RhoGEF3, the RhoGEF3 ORF was amplified from BDGP clone LP23332 and fused 5′ to sfGFP or ChFP. Both sfGFP-and ChFP-RhoGEF3 fusions were cloned into pUASp as 5′KpnI-3′XbaI fragments.
To generate sqh-sfGFP-Tum, the tum ORF was amplified from genomic DNA prepared from UAS-Venus-Tum containing flies (provided by S. Gregory, University of Adelaide, North Terrace, Australia; Ebrahimi et al., 2010) and fused 5′ to sfGFP. The sfGFP-Tum fusion was cloned into pSqh5′+3′UTR (Abreu-Blanco et al., 2011a) as a 5′StuI-3′XbaI fragment.
RNAi lines for RhoGEF2 RNAi(2) and RhoGEF3 RNAi(2) were generated using the method previously described (Ni et al., 2011) . Two oligos (shown here) were annealed and cloned into pWAL IUM22: RhoGEF2 RNAi(2) , 5′-CTA GCA GTA ACG GTT ACT AGA TTT ATA TAT AG  T TAT ATT CAA GCA TAT ATA TAA ATC TAG TAA CCG TTG CG-3′ and  5′-AAT TCG CAA CGG TTA CTA GAT TTA TAT ATA TGC TTG AAT ATA  ACT ATA TAT AAA TCT AGT AAC CGT TAC TG-3′; and RhoGEF3 RNAi(2) , 5′-CTA GCA GTC CGG GCG ATT ACT CAG ACC AAT AGT TAT ATT CA A GCA TAT TGG TCT GAG TAA TCG CCC GGG CG-3′ and 5′-AAT TCG Figure 5 . Actin stabilization mediated by AnxB9 is required for RhoGEF2 recruitment to cell wounds. (A-C) Actin dynamics during cell wound repair in control (GAL4 driver 7063 alone) (A), AnxB9 RNAi(1) (B), and AnxB9 RNAi(2) (C) NC4-6 staged embryos expressing an actin reporter (sGMCA). (A′-C′) xy Kymograph across the wound area in A-C, respectively. Arrowheads denote actin accumulation within the wound. (D) Quantification of the wound area over time (control, AnxB9 RNAi(1) , and AnxB9 RNAi(2) ; n = 10 respectively). Error bars represent ± SEM (E-G″) Confocal xy projection images from Drosophila NC4-6 staged embryos coexpressing sfGFP-RhoGEF2 and sChMCA in an AnxB9 RNAi background injected with buffer (E-E″) or phalloidin (F-G″). RhoGEF2 partially accumulates at the wounds (arrowheads; F). (H) Schematic diagram summarizing the localization patterns of actin, AnxB9, RhoGEF2, Pbl, RhoGEF3, Tum, Rho1, Rac1, and Cdc42 at cell wounds. (I) Schematic diagram summarizing the pathways among AnxB9, actin, RhoGEFs, Tum, and Rho family GTPases in response to cell wounds. Time after wounding is indicated. Bars, 20 µm.
CCC GGG CGA TTA CTC AGA CCA ATA TGC TTG AAT ATA ACT ATT G GT CTG AGT AAT CGC CCG GAC TG-3′.
To generate transgenic flies, each construct (500 µg/ml) was injected along with the pTUR BO helper plasmid (100 µg/ml) into isogenic w 1118 flies as previously described (Spradling, 1986) . For generating RNAi transgenic lines, each construct (100 µg/ml) was injected into M{3xP3-RFP.attP}ZH-86Fb (24749) flies (Table S1 ). Transgenics were selected by eye color, and the insertions were mapped using standard genetic methods.
Other shRNAi lines used were generated by the DRSC/TRiP Functional Genomics Resources (Harvard Medical School) and obtained from the Bloomington Stock Center. Target sites of each RNAi line are as follows: RhoGEF2 RNAi(1) : 5′-TAC GAT GAG GTT CAA GAG ATA-3′;
RhoGEF3 RNAi(1) : 5′-CAA CTC GAT GTT ACT GAA CTA-3′; pbl RNAi(1) : 5′-CTG AAG ATT AAT CAA ACG AAA-3′; Anx RNAi(1) : 5′-CCA GAT CTT CCT CGA ATA CGA-3′; and Anx RNAi(2) : 5′-CTG CAA GTC CAA GAT CGA CTA-3′.
Drug and antibody injections
Pharmacological inhibitors and antibodies were injected from the dorsal side into the center of NC4-6 staged Drosophila embryos, and laser wounding was performed 5 min after injection. The following inhibitors were used: C3 exoenzyme (1 mg/ml; Cytoskeleton, Inc., and Tocris Bioscience); Y-27632 (60 mM; Tocris Bioscience); LatB (0.5 mM; Millipore); and phalloidin (75 µg/ml; Thermo Fisher Scientific). C3 exoenzyme, Y-27632, and phalloidin were prepared in injection buffer (5 mM KCl and 0.1 mM NaP, pH 6.8). LatB was prepared in injection buffer + 10% DMSO. Injection buffer plus 50% DMSO was injected as a control. The following mouse mAbs were obtained from the Developmental Studies Hybridoma Bank: anti-c-myc (9E10), anti-Tum (1H5), and anti-Tum (2B6). All antibodies were dialyzed in PBS and concentrated before injection. The two Tum antibodies were mixed and injected into embryos at 120 ng/µl. A nonspecific antibody, 9E10, was injected into embryos as a control at 120 ng/µl.
Laser wounding
All wounds were generated with a pulsed nitrogen N2 Micropoint laser (Andor Technology Ltd.) tuned to 435 nm and focused on the cortical surface of the embryo. A region of interest was selected in the lateral midsection of the embryo, and ablation was controlled by Volocity (PerkinElmer) or MetaMorph (Molecular Devices). The mean ablation time was less than 3 s, and time-lapse imaging was initiated immediately. Occasionally, a faint grid pattern of fluorescent dots is visible at the center of wounds that arises from damaged vitelline membrane that covers embryos.
Live imaging
All imaging was performed in series 700 halocarbon oil at room temperature (22°C). Two microscopes were used. First, an Ultraview Vox spinning disk confocal system was used with a Yokogawa CSU-X1 confocal spinning disk head (PerkinElmer) mounted on a Nikon Eclipse Ti stand (Nikon Instruments) with a 60×/1.4 NA objective lens and controlled by Volocity software (v.5.3.0; PerkinElmer). Images and videos were acquired with 491 nm and 561 nm using a Hamamatsu C9100-13 EMC CD camera (PerkinElmer). Second, a Revolution WD Systems (Andor Technology Ltd.) mounted on a Leica DMi8 (Leica Microsystems Inc.) was used with a 63×/1.4 NA objective lens and controlled by MetaMorph software (Molecular Devices). Images and videos were acquired with 488 and 561 nm using an Andor iXon Ultra 897 EMC CD camera (Andor Technology Ltd.).
All images were 17-20-µm stacks/0.25-µm steps. For single color, images were acquired every 30 s for 15 min and then every 60 s for 25 min. For dual green and red colors, images were acquired every 45 s for 30-40 min.
Image processing, analysis, and quantification
Linear adjustments of brightness and contrast levels were applied using Fiji software (Schindelin et al., 2012) . Wound areas were measured manually using Fiji. To generate xy kymographs, all time-lapse xy images were cropped to 5.8 × 94.9 µm, and then each cropped image was lined up using Fiji. To generate fluorescent profile plots, 10 pixel sections across the wound were generated using Fiji. The mean fluorescent intensity was calculated with R (Team, 2016) using the tiff package (Urbanek, 2013) to import the images. Line profiles were plotted with R using the ggplot2 package (Wickham, 2009 ) and fitted using the LOE SS smoothing method with a span of 0.1 and using a line-plot to show the averaged fluorescence without smoothing. Line profiles from the left to right correspond to the top to bottom of the images unless otherwise noted.
Quantification of the wound expansion and closure rate was performed as follows: wound expansion was calculated with maximum wound area/initial wound size. Closure rate was calculated with two time points. One was t max -that is, the time of reaching maximum wound area. The other was t <half -that is, the time of reaching less than the half of maximum wound area using Microsoft Excel for Mac (2011). Using these time points, mean speed was calculated (wound area at t max − wound area at t <half /t max − t <half ) with Microsoft Excel. Generation of all graphs and Student t tests were performed with Prism 7.0a (GraphPad Software Inc.). Figures were assembled in Canvas Draw 3 for Mac (Canvas GFX, Inc.).
GST pulldown assays
GST pulldown assays were performed as previously described (Abreu-Blanco et al., 2014) . In brief, test proteins were synthesized in vitro using the TNT quick-coupled transcription-translation kit in the presence of 35 S-labeled methionine (Promega). For synthesizing RhoGEF2 and Tum proteins, each ORF was cloned into the pCite4 vector. RhoGEF3 and Pbl proteins were synthesized from BDGP clones LP23332 and SD01796, respectively (Drosophila Genomics Resource Center). The in vitro translated lysates were diluted in Hepes-LS buffer (20 mM Hepes, pH 7.5, 150 mM NaCl, 10% glycerol, 0.1% Triton X-100, and 1 mM DTT) with protease inhibitors (Complete ED-TA-Free; Roche) and incubated in GST fused glutathione sepharose for 1 h at 4°C to remove nonspecific binding proteins. GST-Rho family GTPases were exchanged while bound to glutathione sepharose by incubating with either GDP or GMP-PNP in exchange buffer (50 mM Hepes, pH 7.08, 20 mM MgCl 2 , 5 mM EDTA, 0.1 mM EGTA, 50 mM NaCl, and 0.1 mM DTT) for 30 min at 30°C. Exchange was performed immediately before use in pulldown assays. The precleared lysates were individually incubated with GST, GDP-bound Rho1, GTP-bound Rho1, GDP-bound Rac1, GTP-bound Rac1, GDP-bound Cdc42, or GTP-bound Cdc42 proteins in Hepes-LS for 1 h at 4°C. The beads were then washed 3 times in Hepes-LS buffer, and the bound fractions were analyzed by SDS-PAGE followed by autoradiography. In each case, 5% input is shown.
Quantification of mRNA levels in RNAi mutant backgrounds
Total RNA was obtained from 100 embryos (0-30 min old) using TRIzol (Invitrogen/Thermo Fisher Scientific) and then treated with DNase I (Sigma). Total RNA (1 µg) and oligo(dT) primers were used for reverse transcription with the ThermoScript RT-PCR System for First-Strand cDNA Synthesis (Invitrogen/Thermo Fisher Scientific) or the iScript Select cDNA Synthesis kit (Bio-Rad). RT-PCR analysis was performed using the validated primers (Hu et al., 2013) shown in the list below and the iTaq Universal SYBR Green Supermix (Bio-Rad) with two individual parent sets and two technical replicates on the CFX96TM Real Time PCR Detection System (Bio-Rad). GAP DH1 was used as a reference gene. The percent knockdown was calculated using the ΔΔCq calculation method compared with control (GAL4 only). The following primers were used for this study: GAP DH1, 5′-TAA ATT CGA CTC GAC TCA CGGT-3′ and 5′-CTC CAC CAC ATA CTC GGC TC-3′; tum, 5′-AGT TAT CAA GCG GGT GCC AA-3′ and 5′-ATG GTG CCT CCT TTG AAG GG-3′; RhoGEF2, 5′-TGA AAA CGC AAG CAA ATC TG-3′ and 5′-GAT GCC ACA CCT TCT TCG AT-3′; pbl, 5′-ATC TGT TTG GCG ACT ATT TGG AT-3′ and 5′-GTT GCG AAA AAC GCT TGCG-3′; RhoGEF3, 5′-GAG GAA ACC AAT CTG GTG GA-3′ and 5′-AGC CCT GTG CGC TAT AAA GA-3′; and AnxB9, 5′-CAA GGC GAT GAA AGG CTT CG-3′ and 5′-TGC CGT ACG AGG TCT TGA AC-3′.
Online supplemental material Fig. S1 shows the results from the GFP fusion protein screen for RhoGEFs, RhoGAPs, RhoGDI, and AnxB9 response to wounds. Fig. S2 shows the localization and mutant phenotypes of RhoGEF2, Pbl, RhoGEF3, and Tum during cell wound repair. Cross talk among RhoGEFs is needed to refine and/or maintain their arrays at cell wounds, but not to establish the initial GEF prepatterns. Table S1 describes all of the fly lines used in these studies. Video 1 shows the protein dynamics of Rho family GTPases, RhoGEFs, and Tum during cell wound repair. Video 2 shows the actin dynamics in controls and in Rho family GT-Pases, RhoGEFs, and Tum mutant backgrounds during cell wound repair. Video 3 shows a comparison of the localization among RhoGEFs and Rho family GTPases in response to cell wounds. Video 4 shows the dynamics of Rho family GTPases in RhoGEF mutant backgrounds. Video 5 shows RhoGEF2 localization in other RhoGEF mutant and drug injection backgrounds. Video 6 shows AnxB9 protein dynamics and mutant phenotypes in response to cell wounds.
